Near-infrared spectroscopy is a means of assessing microcirculatory function, but has not been studied in atrial fibrillation (AF). We evaluated the effect of acute AF on thenar eminence near-infrared spectroscopy-derived microcirculatory variables. Stable patients presenting to the emergency department with acute onset AF underwent dynamic near-infrared spectroscopy assessment with a three minute vascular occlusion test (VOT). This was repeated after cardioversion to sinus rhythm (SR). Each assessment included baseline tissue oxygen saturation (StO 2 ), slope of StO 2 decrease during VOT, slope of StO 2 increase post VOT, minimum and maximum StO 2 , amplitude of StO 2 response and post-ischaemic hyperperfusion. Pre and post cardioversion values were compared by Wilcoxon signed-rank test. Twelve participants (seven male, five female) with a median age of 63 years (interquartile range 52 to 70 years) were enrolled. Median baseline StO 2 was 74% before and 77% after cardioversion (P=0.03). The median slope of StO 2 decrease during VOT was -0.19%/second and -0.16%/second (P=0.018) and the median slope of StO 2 increase post VOT was 3.03%/second and 2.56%/second (P=0.002), pre and post cardioversion, respectively. Minimum StO 2 was lower (39% versus 52%, P=0.002) and the amplitude of StO 2 response greater (49% versus 40%, P=0.005) in AF, but there was no significant difference in maximum StO 2 or the degree of reperfusion hyperaemia. In summary, baseline and minimum StO 2 were lower with a greater ischaemic decrease in StO 2 during AF, reflecting reduced tissue perfusion, compared with sinus rhythm. Recovery after ischaemia was higher in AF, suggesting normalisation of capillary recruitment during ischaemia. Our findings suggest that acute onset AF decreases capillary recruitment rather than causing microcirculatory dysfunction.
Atrial fibrillation (AF) is the most commonly sustained cardiac arrhythmia and frequently occurs among patients with critical illness. AF may occur in association with a number of clinical conditions and results in several haemodynamic and neurohormonal changes 1 . The cardiovascular response to AF can be assessed clinically by blood pressure, heart rate and measures of perfusion such as mentation and urine output. Macro-haemodynamic variables may be poor indicators of the microcirculation on which organ perfusion depends 2 . In the past decade, technologies have developed which allow non-invasive clinical assessment of the microcirculation 3 . Two techniques used in practice are sublingual video microscopy and dynamic measurement of tissue oxygenation (StO 2 ) by near-infrared spectroscopy (NIRS). Both of these techniques have been studied as potential indicators of occult shock in critical illness such as major trauma and sepsis [4] [5] [6] .
NIRS uses the difference in absorbance of near-infrared light by oxy-and deoxy-haemoglobin to calculate the percentage of oxygen saturation in small blood vessels (tissue oxygen saturation, StO 2 ). Most commonly, this is assessed non-invasively in the thenar muscles of the hand using a cutaneous probe. The measurement device also estimates the haemoglobin within the illuminated tissues, expressed as tissue haemoglobin index (THI) 7 . There is significant interest in the utility of NIRS for patient monitoring in critical care, particularly when the dynamic StO 2 response to ischaemia (using timed arterial occlusion with a blood pressure cuff) is incorporated. Macrocirculatory function is impaired during atrial fibrillation and improves after restoration of sinus rhythm (SR) 8, 9 . Evidence surrounding microcirculatory function is less clear. In a recent study, Elbers et al demonstrated significant improvement in indices of microvascular perfusion measured by sublingual video microscopy in patients with chronic AF who underwent elective cardioversion 10 . No studies have examined the effect of AF on NIRS derived microcirculatory assessment. We aimed to examine whether NIRS derived measures of microcirculatory function are altered in haemodynamically stable patients with acute paroxysmal AF. This addresses two clinically important questions: 1) does acute AF cause changes in microcirculation in the absence of macro-haemodynamic compromise? and 2) is dynamic NIRS assessment reliable in the setting of AF?
Methods

Study design
We undertook a prospective study of patients presenting to the emergency department with acute onset of symptomatic AF and no clinical compromise. A convenience sample was recruited between March and September 2013. Microcirculatory assessment by dynamic NIRS was undertaken before and following cardioversion from AF to SR, thus participants served as their own 'control'.
Participants
Participants were patients with acute onset AF as the primary presenting problem, who the treating physician determined should undergo cardioversion (with either direct current [DC] electricity or intravenous flecainide) in the emergency department. Inclusion criteria were an electrocardiogram showing AF with a rate >100 per minute, clear onset of symptoms within 48 hours of presentation and no evidence of clinical compromise. Exclusions were age <18 years old, pregnancy, signs of haemodynamic compromise (e.g. systolic blood pressure <90 mmHg, altered conscious state, reduced peripheral perfusion), chest pain, AF likely due to another cause (e.g. sepsis, myocardial ischaemia), requirement for urgent cardioversion and inability to consent. The South Metropolitan Health Service Human Research Ethics Committee approved the study (Reference no. 13/7, 15 April 2013) and participants gave written informed consent.
NIRS measurements
Microcirculatory assessments were performed by trained research staff using the Inspectra 300 Spotcheck NIRS monitor (Hutchinson Technology Inc., Hutchinson, MN, USA). Measurements were taken at the thenar eminence of the hand with the patient recumbent. No blood pressure cuff or venepuncture tourniquet was applied on the limb for at least ten minutes before measurement. Baseline StO 2 was measured for up to two minutes until a steady reading (variation of <2%) was obtained. A vascular occlusion test (VOT) was then conducted as described by Lipcsey et al for this device 11 . A manual blood pressure cuff inflated on the arm of the StO 2 monitor was maintained at 30 mmHg above the patient's systolic blood pressure (previously recorded on the opposite arm) for three minutes and then rapidly released. StO 2 was recorded at 15 second intervals during VOT, every five seconds after release of the cuff for the first 30 seconds then every 15 seconds subsequently, until three minutes post release. This was facilitated by an assistant recording a smartphone video clip of the StO 2 monitor alongside a stopwatch throughout the procedure. Each set of readings was manually plotted as StO 2 against time. This procedure was performed with the patient in AF and repeated 30 minutes after restoration of SR. 
Measured variables
A schematic representation of the dynamic StO 2 response to VOT is shown in Figure 1 . Baseline StO 2 , slope of StO 2 decrease during VOT (RStO 2 isch), slope of StO 2 increase post VOT (RStO 2 recovery), minimum StO 2 during VOT and maximum StO 2 during reperfusion were measured. RStO 2 isch and RStO 2 recovery were measured over the linear phase, which was typically between 30 and 150 seconds during VOT and from 5 to 20 seconds following cuff release, respectively. The amplitude of StO 2 response was the difference between the minimum and maximal StO 2 . ΔStO 2 was the difference between maximal StO 2 and baseline.
Derived variables
Post-ischaemic hyperperfusion was calculated as the area between the curve and baseline StO 2 . Estimated oxygen consumption (VO 2 ) was determined by the product of the absolute RStO2isch slope value and the mean THI over the same period during VOT×1.36 7 .
Cardioversion procedure
DC cardioversion was performed in the emergency department according to standard protocols. Patients fasted for four hours and consented to this procedure separately to their participation in the study. Propofol was used to achieve anaesthesia. A synchronised DC shock of 100 J was given, with up to two subsequent shocks escalating to 150 J and 200 J if SR had not been achieved. Alternatively, if deemed appropriate by the treating doctor, chemical cardioversion was undertaken with an intravenous infusion of flecainide (2 mg/kg). For all patients, an electrocardiogram was performed to confirm return to SR prior to a repeat set of NIRS recordings and VOT.
Sample size calculation and analyses
Baseline participant characteristics were summarised as median and interquartile ranges. We compared each of the individual NIRS variables before and after cardioversion to determine any differences between AF and SR. A previous study in healthy volunteers found StO 2 to be normally distributed with the mean being 80% (standard deviation ± 5%) 11 . On this basis, we calculated 12 subjects (serving as their own controls) would give a power of 0.9 to detect a clinically significant difference in baseline StO 2 of 5% with an α of 0.05. Because of the small number of participants, we compared pre and post cardioversion values by the Wilcoxon signed- 
Results
Fourteen participants were enrolled, of whom 12 completed the protocol. One reverted spontaneously to SR before NIRS recordings could be made and one remained in AF despite attempted DC cardioversion and was admitted under the medical team. A total of seven men and five women with a median age of 63 years (interquartile range 52 to 70 years) had complete data for analysis. Six patients had previous presentations with paroxysmal AF and six had no previous episodes. Nine underwent DC cardioversion and three received intravenous flecainide. Four patients undergoing DC cardioversion and one treated with flecainide had a betablocker administered for rate control prior to cardioversion by the treating physician. The haemodynamic and NIRS derived variables in AF and SR are summarised in Table 1 . Figure 2 shows the changes in mean StO 2 during and after VOT in AF and in SR. Baseline StO 2 was lower in AF. RStO 2 isch, RStO 2 recovery, the amplitude of the StO 2 response and the difference between maximal StO 2 and baseline were all significantly greater in AF than SR. Mean THI during VOT and minimum StO 2 were significantly lower in AF, but there was no difference in VO 2 , maximum StO 2 or the degree of post ischaemic hyperperfusion between AF and SR. In both AF and SR, RStO 2 recovery correlated strongly with the minimum StO 2 value following VOT: Spearman's rho -0.97 (P < 0.0001) and -0.89 (P=0.0001) respectively.
To determine any potential effect of changes in hand temperature between the pre and post cardioversion measurements, we calculated the correlation between pre and post VOT variables. There was no significant correlation between the baseline StO 2 readings and RStO 2 isch (Spearman's rho 0.54, P=0.07 and 0.39, P=0.21 respectively), but there was good correlation for RStO 2 recovery (0.66, P=0.018), minimum StO 2 (0.70, P=0.001), maximum StO 2 (0.76, P=0.004), amplitude of StO 2 response (0.75, P=0.005) and the difference between maximal StO 2 and baseline (0.87, P=0.0002).
Discussion
To our knowledge, no previous study has evaluated the effect of acute AF on dynamic NIRS derived microcirculatory assessment. By undertaking repeated StO 2 measures in conjunction with a three-minute VOT in patients with acute onset AF before and after cardioversion to SR, we demonstrated significant differences in a number of variables. Baseline StO 2 values were lower in AF than in SR, along with a steeper desaturation slope during VOT and a lower minimum StO 2 . Following release of the cuff, there was a steeper slope of StO 2 increase during reperfusion in AF, which correlated with the minimum StO 2 during VOT, but no difference in the maximal StO 2 or post-ischaemic hyperaemia between AF and SR. We postulate that in AF there are fewer open capillaries, resulting in a lower baseline StO 2 . This was the finding in a recent study by Elbers et al using sublingual video microscopy in AF 10 . Our finding of lower mean THI during VOT supports this. A steeper RStO 2 isch slope and lower minimum StO 2 are explained by the lower baseline StO 2 (i.e. desaturation commences closer to the steep part of the haemoglobin-oxygen dissociation curve), since there was no significant difference in VO 2 . Following VOT, RStO 2 recovery is steeper in AF than in SR. This may be a function of the lower StO 2 nadir (a strong correlation was found between these variables). There was increased rebound amplitude, but no difference in maximal StO 2 or hyperperfusion after VOT in both AF and SR. This suggests that there is an intact microcirculatory response to ischaemia in AF and that capillary recruitment can be rapidly returned to normal levels. The smaller number of open capillaries during AF rapidly normalised during VOT or reversion to SR. Of note, blood pressure was lower in SR than in AF. Possible explanations are increased peripheral vasoconstriction in response to reduced cardiac output in AF, patient anxiety due to symptoms while in AF and the effect of medications (e.g. beta-blockers) resulting in lower blood pressure. This may account for the observed changes rather than the AF itself. Even if these possible changes are causally related to capillary recruitment, they were reversed during VOT. The correlations between pre and post cardioversion parameters suggest that within individuals there was a consistent response to the VOT stimulus and that possible skin temperature variations between measurements are unlikely to have affected the overall VOT response.
Dynamic NIRS has been studied in a number of critical illness settings, notably trauma and sepsis 5, 12 . Shock states cause alterations in microcirculatory function, typically manifested as a reduced RStO 2 recovery slope following VOT. In contrast, we found a steeper reperfusion slope in AF than in SR. It therefore does not seem likely that the findings in our study were due to microcirculatory dysfunction and occult tissue hypoperfusion in the setting of acute AF.
A number of investigators have studied the microcirculation in AF by several techniques, with varying results. Elbers et al used sublingual video microscopy to compare patients in chronic AF who underwent successful DC cardioversion and found significant improvements in the microvascular flow index following cardioversion to SR 10 . Gosselink et al demonstrated an increase in calf vessel flow during exercise after cardioversion from AF however at rest there was no difference 13 . Mahy et al showed there was no change in the capillary filtration coefficient in patients with chronic AF compared to healthy controls in SR, suggesting that autoregulatory mechanisms are able to preserve microvascular haemostasis 14 . Our findings support this. Matsue et al found impaired endothelial function in outpatients with paroxysmal AF compared to controls 15 . In our study, patients served as their own controls so we would not expect to detect any long-term microcirculatory changes due to paroxysmal AF. Finally, in a recently published study, Wutzler et al found improvement in NIRS derived cerebral perfusion parameters in patients undergoing elective cardioversion for sustained paroxysmal AF 16 .
The clinical importance of our findings, therefore, relate to the interpretation of dynamic NIRS variables in AF. NIRS is a relatively new technology and its clinical applicability is uncertain. It is being used in critical care areas to assess for occult hypoperfusion. Our results suggest that interpretation of these readings may be affected if the patient is in AF and potentially incorrect conclusions drawn if this is not appreciated. For example, if AF causes an artificial increase in the RStO 2 recovery slope, this may be falsely reassuring in a setting where this may otherwise be depressed.
Limitations
There are several potential sources of bias. The Inspectra™ StO 2 Spot Check monitor (Hutchinson Technology Inc., Hutchinson, MN, USA) is not designed specifically for dynamic NIRS testing. We utilised a previously published methodology, however the optimal technique is not established, particularly with regard to the optimal duration of VOT. We chose a time-based VOT, but an alternative is to maintain the VOT until a predetermined StO 2 (e.g. 40%) is reached. This would avoid potential confounding of the RStO 2 recovery slope measure by the minimal StO 2 value, although this method is less practical and associated with significant increase in patient discomfort 11 . Measurement bias may also have arisen in the performance of the VOT (based upon a non-invasive measurement of opposite limb blood pressure) and transcription of the observed values.
The aetiology of AF is heterogeneous and is commonly associated with hypertension, cardiac failure, diabetes and smoking, all of which may affect the microcirculation. We did not routinely obtain echocardiograms to quantify parameters such as ejection fraction or valvular dysfunction, which may also have haemodynamic consequences. Although there was a spectrum of comorbidities within the subjects, patients serving as their own control reduced any confounding from these variables.
StO 2 itself does not measure tissue blood flow, but represents the integral of haemoglobin saturation in venules, capillaries and arterioles within the illuminated tissue. It is therefore difficult to interpret in terms of the relative contributions of oxygen delivery and consumption. We did attempt to account for this by estimating VO 2 from the measured haemoglobin index and desaturation slope, but acknowledge the inherent imprecision of this.
This was an observational study and patients were not all cardioverted in the same way. We cannot discount the possible effect of medications. In particular, propofol has been shown to decrease microvascular perfusion 17 . We allowed a minimum of 30 minutes after cardioversion to perform repeat readings. Subjects undergoing cardioversion were given a bolus 1 to 2 mg/kg of propofol, which is quite dif-ferent from a high-dose continuous infusion in anaesthesia or intensive care. Given that propofol has a distribution half-life of two to three minutes 20 , we believe the effects it may have had on the microcirculation would be negligible. In addition, supplemental oxygen given during anaesthesia may have had an effect on StO 2 19 . However, the fractional inspired oxygen concentration and arterial oxygen saturations were not significantly different between the pre and post VOT measurements.
Finally, this was a small exploratory study conducted in a single centre and replication of these findings is required to confirm their validity.
Conclusion
NIRS derived microcirculatory variables appear to be affected by atrial fibrillation. We suggest the changes are due to a reduction in open capillaries in AF compared to SR, rather than intrinsic microcirculatory dysfunction.
